Clock/Clock females were examined daily for the onset mutation both disrupts estrous cyclicity and interferes of vaginal opening, and upon reaching 10 weeks of age, with the maintenance of pregnancy. Clock mutant fethey were monitored by vaginal lavage to record estrous males have extended, irregular estrous cycles, lack a cyclicity (see Supplemental Data for a detailed descripcoordinated luteinizing hormone (LH) surge on the day tion of all Experimental Procedures). Although the timing of proestrus, exhibit increased fetal reabsorption durof vaginal opening was normal (Table S1) , there were ing pregnancy, and have a high rate of full-term pregsignificant differences in the characteristics of estrous nancy failure. Clock mutants also show an unexpected cycles among genotypes ( Figure 1A) ; whereas wild-type decline in progesterone levels at midpregnancy and a females and the majority of Clock/ϩ females exhibited shortened duration of pseudopregnancy, suggesting multiple consecutive 4-5 day-long cycles, Clock/Clock that maternal prolactin release may be abnormal. In females had prolonged and irregular cycles charactera second set of experiments, we interrogated the ized by significantly fewer days of proestrus and more function of each level of the hypothalamic-pituitarydays of estrus ( Figures 1B and S1 ).
for analysis and presentation purposes, these values were set at 10 Estrous Cycles ng/ml, and we defined the minimum "surge" value as 14% of the (A) Representative estrous cycles as measured by vaginal cytology maximum, or 1.4 ng/ml, as previous studies in rats have shown that in wild-type (top), Clock/ϩ (middle), and Clock/Clock (bottom) fe-14 percent of the peak surge is the minimum value of LH required males. C ϭ cornified, N ϭ nucleated, L ϭ leukocytic.
for ovulation [39] . Using these criteria, only one Clock mutant (B) Clock/Clock females have significantly more days of cornified reached the minimum surge level at any time point. smears compared to wild-type females, as determined by an unpaired t test for the number of consecutive days cornified. elevated progesterone coincident with a nucleated smear. Thus, the most parsimonious explanation is that exhibiting an LH peak of 10 ng/ml or greater differed the small elevations of LH observed throughout the day significantly (chi square, p Ͻ 0.01, Figure 2A) 
01). (C) Progesterone is significantly lower in
Clock/Clock females compared to wild-types (p Ͻ 0.05) due to very low progesterone levels in Clock/Clock females at dpc 11. In both genotypes, progesterone levels at dpc 14 are elevated compared to dpc 11 and dpc 19 values (p Յ 0.01). For both (B) and (C), *p Ͻ 0.05. Prior to testing the hypotheses, data were checked to verify that they met the assumptions of normality and equality of variance required for analysis of variance. Because the data violated one or more of the assumptions, data were transformed using logarithms and statistical analysis (two-way ANOVA and Fisher's LSD) was performed on the log transformed data. (D) The duration of pseudopregnancy is significantly shorter in Clock/Clock females compared to wild-type controls as determined by t test (**p Յ 0.001). Wild-type (n ϭ 10) and Clock/Clock (n ϭ 26) females were mated with vasectomized CD-1 males and the length of pseudopregnancy, as indicated by leukocytic vaginal cytology, was measured by vaginal lavage. The presence of a copulatory plug was designated as dpc 1, and the final day of leukocytic smears was designated as the last day of pseudopregnancy.
full-term, compared to wild-type females. The percentexpected parturition) to determine whether altered ovarian hormone levels could explain the pregnancy phenoage of Clock/Clock pregnancies showing signs of fetal reabsorption was significantly different from wild-type type in Clock/Clock females. Throughout pregnancy, Clock mutants exhibited significantly lower estradiol levpregnancies at two time points, dpc 14 and full-term, and the percentage of fetuses being reabsorbed by els compared to wild-types, although both genotypes displayed an increase in estradiol levels from mid-pregClock mutant dams was elevated at dpc 14 and fullterm (chi square, p Ͻ 0.05; Figures 3A and S4) . All of nancy (dpc 11, dpc 14) to late pregnancy (dpc 17, dpc 19). At full-term, estradiol in Clock mutants was only onethe wild-type females and 57% (4 of 7) of the Clock/ Clock females allowed to carry their pregnancies to full third the level of estradiol in wild-type females. Because estradiol is important for enhancing uterine contractility term delivered live litters on dpc 20. However, 43% (3 of 7) of the Clock/Clock females either went into an
[17], it is likely that low estradiol levels were at least partially responsible for the failure of some Clock/Clock extended but non-productive labor or failed to enter labor and instead fully reabsorbed the full-term fetuses.
females to initiate labor. Progesterone levels were also reduced in Clock muEstradiol and progesterone are vital for maintaining uterine receptivity to developing fetuses during pregtants, most notably at dpc 11. Mid-gestational levels of progesterone are particularly important for maintaining nancy and promoting parturition [16] . Therefore, we measured estradiol ( Figure 3B) and progesterone (Figblood flow to developing fetuses [18] , and previous studies have shown a quantitative relationship between proure 3C) levels at dpc 11, 14, 17, and 19 (the day before gesterone levels and maintenance of pregnancy [19] . Therefore, the reduced progesterone levels observed in Clock mutant dams at dpc 11 may explain the fetal reabsorption observed by dpc 14. By dpc 14, progesterone levels in Clock mutants had risen, and the rate of fetal reabsorption in Clock/Clock females remained similar until full-term to that in wild-types.
The Duration of Pseudopregnancy Is Shortened in Clock Mutant Mice
We hypothesized that the observed abnormalities in fetal reabsorption and ovarian hormones in pregnant Clock/Clock females could be explained by abnormal prolactin release during early and/or mid-pregnancy. In both rats and mice, prolactin release is induced by the copulatory stimulus, and thereafter occurs in two daily surges that are roughly coordinated to lights-on and lights-off, suggesting that release is under circadian control and is therefore vulnerable to gene mutations that alter the circadian pacemaker [20-22]. Prolactin is the only factor required to rescue and maintain the ovarian corpora lutea (CL), which produce the elevated serum progesterone levels characteristic of and necessary for pregnancy and pseudopregnancy [23]. At mid-gestation, around dpc 10, maternal prolactin release tapers off and the CL are supported for the remainder of pregnancy by the prolactin-like placental lactogen (PL-1) produced by fetuses [24] . If the mating was infertile, there is no PL-1 to rescue the CLs, and the female resumes estrous cyclicity. Thus, the termination of pseudopregnancy is a reliable indicator of the termination of mating-induced PRL release. Therefore, in order to determine whether a defect in maternal prolactin release might be responsible for low Clock/Clock progesterone levels at dpc 11 and subsequent elevated fetal reabsorption at dpc 14, we measured the duration of pseudopregnancy. This functional assessment was used rather than measurement of PRL levels because the expected variability in the timing of PRL secretion and prevalence of PRL release in response to stress would have made Since all aspects of the hypothalamic-pituitarygonadal (HPG) axis other than GnRH/LH release are
